Gas transport characteristics have been studied for composite membranes with a selective layer of the highly permeable glassy polymer poly(1-trimethylsilyl-1-propyne) (PTMSP) supported on Vladipor UFFK and MFFK-1 ultrafiltration and microfiltration membranes. A modified resistance model based on the assumption of the mutual influence of the support and the selective layer on the gas transport characteristics of the composite membrane is proposed, which takes into account the penetration of PTMSP into substrate pores. A linear equation of gas transport through a composite membrane for a number of gases (N 2 , O 2 , CO 2 ) has been obtained. It has been shown that the permeability of the supports decreases when PTMSP is applied onto them, whereas the permeability of PTMSP atop the support remains almost unchanged. The equation derived in this study can be used to analyze gas transport through composite membranes with other types of supports.
INTRODUCTION
The influence of the porous structure of a support on the permeability of composite membranes has been investigated in significant number of studies, many of which often evaluate this effect in terms of the structural characteristics of supports, which are usually composed of a fine-pore surface layer (skin layer) and a coarse-pore layer that provides mechanical strength of the membrane.
In [1, 2] , to assess the influence of supports on the permeance of composite membranes, it was proposed to additionally use the parameter which characterizes the deviation of the permeance of the composite membrane from that of a polymer coating the support layer. Obviously, such an approach allows one to only qualitatively judge the degree of influence of the support on the permeance of the composite membrane and does not take into account possible changes in the porous structure of the support and, as a consequence, its permeability due to the possible penetration of the polymer that forms the selective layer on the surface of the support skin layer.
At present, to describe gas transport in multilayer membranes, the resistance model (RM) is increasingly used, which allows quantifying the effect of the , c Q Q β = v substrate on the separation characteristics of a composite membrane [3] . In the framework of this model, the polymer layer deposited on a support, which will be referred to as the selective layer, and the porous support of the composite membrane are represented as in-series connected independent resistors, and the flux of gas flowing through them is modeled by current ( Fig. 1) .
Assuming that the gas flow through the composite membrane is one-dimensional and the polymer layer is free of defects, the basic equation for gas transport where are the gas permeabilities through the composite membrane, the polymer layer, and the support, respectively.
Note that Eq. (1) can also be written as (2) where and are the thicknesses and are the permeability coefficients of the composite membrane, the selective layer, and the support, respectively.
To quantify the permeability of a composite membrane using Eq. (2), Henis and Tripodi [3] assumed that the support skin layer on which the selective layer is applied determines the resistance of the support to gas transfer and the permeability of the selective layer is equal to the permeability of the polymer that formed this layer with thickness l s . In addition, it was assumed that the polymer deposited on the support can penetrate into pores and defects and its penetration depth is equal to the thickness of the skin layer of the support. It should be noted that the latter assumption does not allow a rigorous assessment of the permeance of the composite membrane according to Eq. (2). Therefore, further improvement of the model included studying the influence of this effect on the separation characteristics of composite membranes. So, a resistance model for composite membranes that takes into account the degree of penetration of the polymer coating into pores of a microporous substrate layer was created in [4] . The effects of the selective layer thickness and surface porosity of the support microporous layer were calculated and analyzed with allowance for the effect of polymer penetration into support pores on the gas permeability and the separation factor of the composite membrane. It was shown [5] that the degree of polymer penetration is the most important factor determining the separation properties of a composite membrane. Shariaty-Niassar and Soltanieh [6] used RM to analyze the effect of filled pores on the separation factor and gas permeability for various composite and asymmetric membranes. In [7] , the resistance model was used to analyze the effect of the thickness of the selective and skin layers of the membrane support on the final gas transport properties of the composite PES/Pebax and PEI/Pebax membranes with different Pebax layer thicknesses. Lilleparg et al. [8] used the RM to model permeance in a three-layer composite membrane consisting of a porous suport and intermediate and selective layers, depending on temperature.
An analysis showed that the almost all of the above-cited studies were devoted to the quantitative The purpose of this work was to analyze and quantify the degree of change in the gas permeability of the porous support due to the penetration of the polymer deposited on the support into its pores, as well as to establish the degree of coincidence of the permeabilities of the selective layer and the polymer with thickness l s that formed the selective layer on the support. To solve these tasks, composite gas separation membranes with two types of support (UFFK and MFFK-1) coated with a selective PTMSP layer were fabricated, the permeabilities of the supports and composite membranes for a number of individual gases were experimentally determined using modified equation (1), and their analysis and quantification were performed.
EXPERIMENTAL

Fabrication of Membrane Samples
Microfiltration industrial membranes MFFK-1 and UFFK manufactured by the Vladipor Scientific and Technical Center were taken as supports for the subsequent fabrication of composite membranes. In this work, we used poly(1-trimethylsilyl-1-propyne) (PTMSP) synthesized using the TaCl 5 /Al(i-C 4 H 9 ) 3 catalyst system in the Laboratory for the Synthesis of Selectively Permeable Polymers (at the Topchiev Institute of Petrochemical Synthesis, Russian Academy of Sciences) as described in [9] . A thin layer of PTMSP was deposited on a porous support from a 0.5 wt % polymer solution in reagent-grade chloroform (Khimmed, Russia) by partial immersion of the support in a bath with the casting solution [10] . The support drawing speed was strictly controlled at 1.8 m/min. The resulting composite membranes were a flat sheet of 0.1-0.35 m. The coating process was carried out at an ambient temperature of 20-23°C.
Gas Permeability Measurement
The gas permeability of composite membranes for individual gases (in the strict order: N 2 , O 2 , then CO 2 ) was measured by the volumetric method at room temperature. The gases were fed under pressure up to 2.5 bar, and atmospheric pressure was maintained on the permeate side. Preliminary evacuation of the samples before measurement was not carried out. The working surface area of the membrane was 12.6 cm 2 . The selective properties of the membranes were characterized by the values of CO 2 /N 2 ideal permselectivity.
Scanning Electron Microscopy
The morphology of the obtained composite membranes was investigated by high-resolution scanning electron microscopy (SEM) using a Hitachi TM3030Plus tabletop microscope. Chipped membranes were obtained by preliminary impregnation of the membranes in isopropanol and their subsequent breaking in liquid nitrogen. Using a DSR-1 table sprayer manufactured by Nanostructured Coatings Co., a thin gold layer of 5 nm in thickness was applied to the prepared samples in a special chamber under vacuum (about 50 mtorr). The accelerating voltage in the SEM examination of samples was 15 keV. The average thickness of the selective layer was determined from the obtained micrographs for all test samples using the Gwyddion (version 2.53) software. For each composite membrane, three micrographs of the transverse cleavage were taken from different regions of the sample and five thickness measurements were made in each of the images.
Porosimetry
The average pore size and surface porosity of the samples were determined on a POROLIQ 1000 ML instrument. The operation of the instrument is based on the liquid-liquid displacement (LLD) principle. The wetting and nonwetting liquids used were saturated solutions of water in isobutanol and isobutanol in water, respectively. The interfacial surface tension in the system was 2 dyne/cm. To determine the pore size, samples of 2 cm in diameter were cut from supports and placed in ethanol for 24 h and then in water-saturated isobutanol for at least 2 h. The sample soaked in isobutanol was placed in the measurement cell, during which the transmembrane pressure increased stepwise from 0 until a characteristic S-shaped curve appeared on the graph of the pressure dependence of the flow rate of water saturated with isobutanol, indicating the opening of all membrane pores. For the UFFK and MFFK-1 membranes studied, the maximum transmembrane pressure did not exceed 2 atm. After reaching the preset pressure value, the program proceeded to measuring the flow rate through the membrane with a stepwise decrease in transmembrane pressure. To obtain reliable results, the measurement was performed at each pressure step until the flow rate of water satu-rated with isobutanol stabilized at the same level with an accuracy of ±1 μL/min for 180 s or ±100 μL/min for flow rates greater than 1 mL/min.
As a result of the measurements, it was found that the average pore size is 130 ± 11 nm for UFFK and 245 ± 50 nm for MFFK-1. The surface porosity of UFFK and MFFK-1 was 3.2 and 3.3%, respectively. Figure 2 exemplifies SEM images of the transverse cleavage of two composite membranes made using the MFKK-1 microfiltration membrane and the UFFK-1 ultrafiltration membrane as the support. Five images were recorded for each sample, with the thickness of the PTMSP selective layer being measured at five points of each image. Under the same casting conditions (temperature, polymer concentration in the casting solution, support drawing speed), the thickness of the selective layer slightly differed for the two supports, being 1.51 ± 0.11 and 1.47 ± 0.09 μm for the samples based on MFFK-1 and UFFK, respectively.
RESULTS AND DISCUSSION
SEM Characterization of Composite Membranes
Determination of Permeability and Structural Characteristics of the Support
In the study, we determined the permeabilities of individual gases through the supports. These results were analyzed using the "dusty gas" model [1, 11, 12] , in which the gas flux through unit surface of a porous support is described by the following expression and are the structural parameters of the porous substrate, R is the gas constant, T is the temperature, M and are respectively the molecular weight and viscosity of the gas, and and and are the differential and average pressure of the gas on the support.
It follows from Eq. (3) that if the contribution of the Poiseuille flux is comparable to Knudsen diffusion, then the permeability coefficient of the support depends on the average pressure. However, our measurements of the support permeability coefficient versus average pressure have shown that Knudsen diffusion is the rate-limiting mechanism of gas flow through the support, since there is no dependence of permeability on average pressure (Fig. 3 ). This conclusion is confirmed by the closeness of the ideal selectivity factors 
Composite Membrane Permeance Analysis
We also determined the permeability of the composite membranes to individual gases. As can be seen from Table 2 , despite the noticeable differences in the permeability of the supports UFFK and MFFK-1, the permeability of the composite membranes for individual gases (N 2 , O 2 , CO 2 ) are comparable, which is due to the more noticeable effect of the selective PTMSP layer than of the support type on their permeability. It should be noted that despite UFFK and MFFK-1 are made of the same material based on fluoroplastic F42L, these membranes significantly differ in porous structure.
At the initial stage of analysis of the data, it was assumed that the polymer does not penetrate into pores of the supports and their permeability remains unchanged (Table 1) , while the permeabilities of the selective polymer layer and the PTMSP film of the same thickness are the same. Then, on the basis of the data obtained using Eq. (1), the permeabilities of the selective PTMSP layers of the composite membranes were calculated. Separately, the permeability of the test gases was experimentally measured on a thick PTMSP film (thickness 60 μm) and then recalculated to the thicknesses of the selective layers on the supports ( Table 3 ). The aforementioned experimental values of the permeability of unsupported PTMSP and the values calculated in terms of RM are collated in Table 3 . The observed deviations between the gas permeabilities for the two types of support may be due to a change in the permeability of the support itself as a result of partial penetration of the polymer into the porous support layer and a possible difference between the permeabilities of the selective layer and PTMSP. Note that the deviations of the experimental values from the calculated data for the CO 2 /N 2 ideal selectivity are no less than those in the case of permeability (see Fig. 4 ).
To take into account the aformenioned likely causes of these deviations, it was assumed that first, depending on the type of support, its permeability decreases by a factor of when the support is coated with the polymer layer; i.e., where is the permeability of the support after applying the polymer film to it. Then Eq. (1) takes the form
Second, the permeability of the selective layer may differ from the permeability of the polymer that formed this layer, with their ratio depending on the support type;
is the coefficient characterizing the degree of difference between the permeability of the selective layer of the composite membrane and the permeability of the polymer with the thickness l s that formed this layer.
Given these assumptions, we transform Eq. (4) by multiplying it by
Then it can be written as (5) where are the reduced inverse permeabilities of the composite membrane and its support, respectively, and Thus, within the framework of the assumptions made, it follows that for the given porous support, values of y for various gases should lie on a straight line described by Eq. (5) .
To confirm the conclusion with allowance for the data presented in Table 4 , the values of y depending on x were calculated for each of the gases and the corresponding support. As can be seen from Fig. 5 , the values of y depending on x for all the test gases lie on the straight line defined by Eq. (5) with the same slope k p and constant b p , which depend on the type of support (Fig. 5 ).
Analysis of the obtained values of ( Table 4 ) shows that the application of PTFMP on the support leads to a decrease in its permeability due to the penetration of PTMSP into the pores. The value of this parameter depends on the support type. The greatest (5) can hold for other gases. Therefore, having determined the parameters of Eq. (5) for three gases and measured the permeability of the support and the polymer deposited on it for a new gas, it is possible to predict the gas permeability of the composite membrane for this gas using equation (5) .
CONCLUSIONS
Thin-layer composite membranes with a selective PTMSP layer on industrial microfiltration membranes MFFK-1 and UFFK (manufactured by Vladipor Scientific and Production Center) as supports have been prepared. The gas transport characteristics of the membranes and their support have been determined for individual gases. It has been found that under the same casting conditions (temperature, polymer concentration in the casting solution, support drawing speed), the thickness of the selective layer slightly differs for the two supports to be 1.51 ± 0.11 and 1.47 ± 0.09 μm for the samples based on MFFK-1 and UFFK, respectively. It has been shown that Knudsen diffusion is a rate-limiting mechanism of gas transport through the support.
In terms of the resistance model, a linear equation of gas transportr through a composite membrane has been derived. An analysis of the obtained experimental transport data for the permeation of individual gases through composite membranes with different supports using the proposed equation showed that the support permeability decreases when a selective layer is formed on the support, with the degree of decrease depending on the support type and being almost independenent of the gas nature. It has been established that the nature of the support does not significantly affect the permeability of the selective layer.
The modified gas transport equation obtained in this work can be used to analyze characteristics of gas transport through composite membranes on various supports. 
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